The volute very frequently has profound effect on impeller performance. It can cause the impeller to work very inefficiently and cause large vibrations if it is designed improperly. Although advanced computational fluid dynamic methods have been used extensively in impeller design, the volute has been neglected or considered independently. In the present study, a finite volume computational method is used to solve the three-dimensional Reynolds-averaged flow field of an impeller with a volute. The study is aimed at the understanding of the effect of volute on the performance of impeller and its associated unsteady effect. As its configuration and solution procedure of the physical problem is more complicated than a traditional single blade passage analysis, the grid generation and solution procedure will be described in more detail. A traditional single blade passage without volute and at steady state condition is calculated first. Later a volute is added and the calculated results are compared with single-passage calculation. It is found that the predicted mean performance of the impeller and volute agrees better with the test data, while the fluctuation of the flow is significant, especially while the trailing edges of impeller is passing the volute tongue.
Pumps are mostly used to transport clear water, waste water, chemical products, slurry, etc. In addition to the satisfaction of basic requirements of flow rate, head rise etc the most important one in design consideration is its efficiency. The pump efficiency is directly related to the energy consumption, and also the cost of factory products. Moreover, design considerations like vibration, cavitation, etc. are frequently challenges to design engineers.
In a typical centrifugal pump design, the volute has been neglected or considered independently because it appears merely to collect the flow from the impeller and guide it to a discharge opening. In fact the volute frequently has a profound effect on impeller performance. It, if designed improperly can cause the impeller to work very inefficiently and it can waste a large part of the energy given to the flow by the impeller. In addition, the interactions between the impeller and the volute can cause significant unsteady forces which may lead to rotordymunic and structural vibrational problems.
The predictions and effects of impeller and volute interactions have been discussed by many researchers. Among them, Adkins and Brennen (1988) used a quasi-one dimensional approach to analyze the pump radial force and its associated rotordynamic instabilities. Colding-Jorgensen (1980) predicted hydrodynamic forces using a 2D quasi-steady approach. Later, the 2D quasisteady approach was improved by a 2D unsteady method by Fongang, et at. (1996) . In the 2D approaches, impeller periphery and the volute contour were distributed by singular vortices and/or sources. !Caps and Sielcmann (1996) analyzed the radial force in sewage pumps using a 2D finite element methods. The flow physics and its associated radial forces particular at the instances of impeller approaching and leaving the volute tongue were discussed. Flathers and Bache (1996) further used a 3D finite volume method in analyzing the radial forces in a centrifugal compressor.
The use of advanced analysis methods in impeller design can assist the understanding of the physics of the flow field. This will not only improve the impeller design, but will also shorten the design cycle. Among the analysis tools in pump design today is the computational fluid dynamic (CFD) method. CFD method can provide the detailed flow field in which the distribution of pressure, velocity, temperature, enthalpy, etc. that show the places where the pump configuration need improvement. CFD technology has been greatly improved in the past decade. The application of CFD has been extended to every area including the solution of the flow field for an entire aircraft. Similarly, the CFI) has been used extensively in fluid machinery design. The advancement of computer speed and memory makes the the analysis of very complicated threedimensional impeller flow field possible. Representative examples are: Rai (1987) , Hah (1992) solved the unsteady interactions between three-dimensional rotor and stator configuration. Dawes (1992) , Chen and Pruger (1993) successfully calculated the multistage turbine flow field using circumferentially averaged approaches. Mulac et at. (1989) applied his circumferentially avenged solution method to counter rotating propeller analysis. Dawes (1994) , Domey et al. (1995) studied the design of centrifugal impellers. Moreover, Cooper et al. (1994) showed the computational method has been successfully integrated into their routine pump design process. Radial forces associated with impeller and volute interactions are more difficult to predict. Kaps and Siekmann (1996) , and Flathers and Bache (1996) have shown a reliable CFD method can also be used for this purpose. As computational methods have proven themselves accurate, reliable, and with good convergence, they are now matured to be used as a tool in daily design works.
It is the aim of this paper to describe the way in which the impeller and volute interact with each other in a centrifugal pump. The flow in a centrifugal impeller with volute configuration was studied using finite volume computational method which solves the three-dimensional Reynolds-averaged Navier-Stokes equations. The study is aimed at the understanding of the effect of volute on the performance of impeller and its associated unsteady effect. A frozen-rotor quasi-steady approach is adopted instead of purely unsteady calculation to simplify the problem and speed up the calculations. A single blade passage (without volute) approach similar to traditional analysis is also implemented. It is found that the mean performance of the impeller with volute agrees better with the test data at design point while the fluctuation of the flow is significant
NUMERICAL METHOD
A three-dimensional Reynolds-averaged Navier-Stokes numerical method (TASCflow from ASC Corporation) is adopted in the present study. The method uses a fully implicit, colocated, finite volume method with a first order fully implicit transient. The governing equations for the conservation of mass, momentum, and energy are written in strongly conservation form.
op a at ex,. a a ap a au, au; The standard k -E turbulence model with log-law wall functionis is used to evaluate the turbulent diffusivities. A colocated variable approach is employed to solve for the primitive variables, in either stationary or rotating coordinate systems. An pressure/velocity coupling is handled using a fourth order pressure redistribution method. An accurate, second-order Skew Upwind Differencing Scheme with Physical Advection Correction is employed to solve discretized linear algebraic equations, which has the properties of conservation of total pressure and is good for turbomachinery applications. The detail of the present numerical scheme can be seen from Thomas et al.(1989) , and Raw, et at (1989) .
PUMP CONFIGURATION
The centrifugal pump configuration used in the present study is are represented by a closed-type shrouded impeller with volute. The geometry is the same as that studied by Hamkins and Flack (1987) The present study has two major parts: I. The simulation of impeller flow field, no volute is considered. As the blade channels are identical to one another, only one blade channel is considered.
2. The simulation of impeller and volute flow field. As the volute is asymmetrical, all 4 blades and the volute are considered.
THE GRID GENERATION
The configuration of 4 impeller blades plus a volute is complex. The grid generation for such a configuration is thus more complicated than that for a single blade passage. The generation of a single blade passage is straight forward. Likewise, the calculation is relatively simple. In contrast, as the volute is an asymmetric diverging channel, all the 4 impeller blades need to be considered. With such a configuration, it is difficult to construct a single zone body-fined grid system. Thus, a three-zone grid system is generated instead. The first one is the impeller zone, the second zone is the divergent section of the volute, and the third zone is the exit section downstream of the second zone.
The grids were generated using the interactive grid generation procedure developed by Lee et al. (1995) . The method solves elliptic and algebraic equations and was developed for the purpose of complex three-dimensional multistage turbomachinery flow field analysis. The grids have the characteristics of smoothness, orthogonality and ease of control of clustering. The interactive grid generation method generates the grid step-by-step through a manmachine interactive procedure. This approach allows the intermediate grids be generated and viewed by the user. Grid modifications can be made from any intermediate step. A good grid system for a very complex configuration can thus be generated very efficiently and within a very short time.
The middle section of the grid for a single blade channel is shown in fig. 2 . The grid is extended upstream from the blade leading edge, and is extended downstream from the blade trailing edge. The grid number is 28935 (85x31x11). There are 85 grid points from the inlet to the exit (where 15 points from the inlet to the leading edge, 51 points from the leading edge to the trailing edge, and 21 points from the trailing edge to the exit). The number of grid points from blade to blade is 31. And, the number of grid points from hub to shroud is 11. The grid for voluted configuration is shown in fig. 3 . The grid from the inlet to the trailing edge, with 65 grid points, basically is similar to that for a single blade passage. The grid number in the tangential direction is 125. The number of grid points from hub to shroud is also 11. The total number of grid points in the impeller zone is 89,375. The grid number in the volute divergent section is 84x21x11 (total 19,404 points), with 84 points streamwise. The exit rectangular section has 41x21x11 points (total 9,471 points), with 41 points streamwise. The total number of grids reaches 118,250, which is about 4 times of a single passage calculation. As the grid numbers at the interface of impeller and volute are different, there is a tiny gap between them. The gap in the calculation is ignored. The fluxes at the interface are considered separately on either side and are forced to agree at the interface.
The flow in the pump is essentially unsteady due to its asymmetric geometry and motion. In consequence the flow in each blade passage is different from one another from time to time. For simplicity, a quasi-steady calculation approach is adopted here instead of a true unsteady calculation. In this calculation, the flow field is calculated once every other 18 degrees of impeller rotation. Five calculations which account for a total of 90 degrees rotation is considered as a blade passing period. Figs. 3 and 4 represent 0degree (with blade trailing edge located nearest to the tongue) and 36-degree grid systems respectively. These show that the basic grid structures of volute and impeller are unchanged even if the impeller is rotating. This saved a great amount of time in grid generation.
BOUNDARY CONDITIONS
For a single passage flow calculation, the boundary condition given at the inlet is the flow rate. As only 114 of the total flow area is considered, the flow rate is 1/4 of the total flow rate. The boundary condition given at the exit is the pressure. The periodic boundary conditions are enforced at several positions as: from the inlet to the leading edges, from the trailing edges to the exit. Nonpenetrating and viscous no-slip wall conditions are enforced on wall surfaces.
For the case with volute, the total flow rate is given at the inlet. The exit boundary condition is given at the volute exit. The shroud and back plate rotate with the impeller. For the impeller, the coordinate is fixed on the blades. For the volute, the coordinate is an inertia frame of reference. Therefore, the velocities solved are relative velocities relative to each individual coordinate system. The fluxes are exchanged at the interface plane between impeller and volute.
RESULTS AND DISCUSSIONS
The calculated results will be discussed for the two cases separately.
The single passage solution is discussed first. Fig. 5 shows the velocity vector diagram at mid axial plane at the design point with flow coefficients 0.063. The pressure distributions are shown in fig. 6 . The pressure increases monotonically from the inlet to the exit. The exit pressure p2 is taken as reference pressure to define the pressure coefficient Cp. The radial and tangential velocity distributions from suction to pressure sides at three different radii (0.8Ir , 0.94r , and 1.01r ) 2 2 2 are shown in figs. 7 to 9. The calculated results are compared with the test data obtained by Hamkins and Flack (1987) . Reasonably good agreement was achieved in the flow passage at these radii. It can be seen that the velocity gradient at 0.8Ir radius is larger 2 than those at the other two radii. The gradient is the largest near the suction surface. As the radius is increased, the velocity gradient is becoming less significant. The jet wake phenomena is not obvious at the impeller exit.
The head predicted at various flow rate is shown in fig. 10 where the head rise and flow rate are nondimensionalized coefficients. The head rise is calculated from the Euler momentum equation in which the velocity is an area-averaged velocity. The calculated results show the same trend as the test data (tested as impeller with volute), but the solution shows higher predicted head at all flow rates. This could be due to the omission of the volute in the calculation and its associated losses from the solution.
In the second calculation the volute is considered. As the volute is not axisymmetric, the flow in the impeller and volute is essentially unsteady. This should be true at both design and offdesign conditions. For true unsteady flow calculations, the computational time is many times more than a simple blade passage calculation. The quasi-steady frozen rotor calculation allows the computational time, at any instance in time, be reduced to about 8 times of a single passage calculation. Consecutive calculations at various instantaneous impeller positions are supposed to give a good approximate flow field simulation between impeller and volute. One blade passing period with five circumferential impeller positions (from 0 to 72 degrees with ISdegree apart) were calculated. Among them, the zero-degree position is the position where the impeller trailing edge is nearest to the tongue.
Because of the time considerations, only the flow at the design point, it. =0.063, is calculated. Fig. 11 shows the velocity vector diagram at 5 relative impeller positions from 0 to 72 degrees. At 0degree position, the impeller trailing edge is nearest to the tongue and the passage for return flow is the narrowest At this moment, the gap lies also in the wake region, as a result the return flow is the smallest. The return flow becomes larger as the impeller trailing edge is leaving the tongue.
The enlarged view of the velocity distributions near the tongue is shown in fig. 12 . No flow separation at the tongue was observed at any instant in time. We can see more clearly that the return flow passing through the tongue has changed its magnitude and directions from time to time. At certain instances particularly for 18 and 36 degrees the flow in the volute "squeeze" the flow in the impeller passage near the blade tip into the tangential direction. The velocity vectors show the flow is moving toward the pressure side and creates a jet wake like flow near the pressure side.
The flow velocities and pressures in the volute at several circumferential cross sections counting counter clockwise from the tongue (when the impeller is nearest to the tongue) are shown in figs. 13 and 14. The pressure distribution at each volute cross section is quite uniformly distributed from hub to shroud, and is increasing monotonically from impeller exit to the volute outer wall. The related velocities show that the flow begin to circulate near the walls starting from the 180 degrees circumference. Here the reference pressure p2 is given at the volute exit to define the pressure coefficient. Fig. 15 shows the calculated pressure distributions in the blade channels and volute. The pressure distributions show that the pressures at the 4 blade channels and volute are all different from time to time. The pressure variations can be correlated to the velocity variations shown in Figs II and 12. The pressure distributions at the outer radius of the tongue basically are more or less uniform despite some small variations.
The impeller relative exit velocity w2 is shown in fig. 16 . In the figure, the abscissa represents counter clockwise rotation starting from the tongue. In the wake region, a sudden drop in the velocity w2 is observed. The relative exit velocity at the tongue is the largest at 36-degree impeller position. After that position, the velocity is reduced rapidly. The circumferential velocity plot also shows that the flow rate at 4 blade channes are not equal, with higher flow rate at more downstream volute positions.
The mean head rise is obtained by averaging the head values of the 5 calculations. And, the head value at each calculation is obtained by averaging the heads of the 4 blade channels. The mean head calculated is shown in fig. 10 . The calculation with impeller and volute configuration clearly predicts the measured value better than the single blade passage approach.
Since the flow field in the impeller varys as the impeller is rotating, time dependent radial force acting on the impeller and the shaft is expected. Radial forces on a centrifugal compressor as a function of flow rate was previously discussed in Flathers and Bache (1996) , in which the radial forces predicted was a mean force with a mean direction. In the present study, the predicted radial force Fr is shown in fig. 17 , in which the A2 is the impeller exit area. Again the abscissa represents counterclockwise position starting from the tongue. The figure shows that the radial force is the largest at the 72-degree impeller position. The peak to peak fluctuation is about 12% of the mean radial force. If scales it to a 200 HP centrifugal pump of similar configuration, the average radial force is equivalent to a 300 Newton (or about 70 pounds) force acting on the shaft. Fig. 18 shows that the resultant radial force is pointing to the 240 azimuth with a 20 degrees fluctuation. The effect of volute on the pump is obviously it creates unsteady flow and vibration. The calculated radial force can be used as the basis for future rotordynarnic and structural dynamic studys.
The calculation were performed on a HP735 workstation. For a single blade passage calculation, about 4 CPU hours were needed to achieve a converged solution. For a volute plus impeller configuration, about 32 CPU hours were used for each instantaneous calculation. Approximately 160 hours were used for a complete impeller passing period.
CONCLUSIONS
Numerical method was adopted in the present pump analysis. Both single blade passage approach and impeller plus volute configuration were examined. The simplified single blade passage approach needs less grid points and the calculation is faster. It can provide rapid prediction of impeller performance. On the other hand, the configuration with impeller and volute in one is much more complicated. Both grid generation and computation are more time consuming, while it provides a better performance prediction and a more detailed flow field information for a pump design. The predicted radial force associated with the asymmetric flow field is believed valuable for rotordynarnic and pump vibration studies. At this moment only a design point solution is discussed. In the future, the volute design and its effect on the overall pump performance will be investigated. suction side Fig. 4 The grids for impeller and volute, 36-degrees impeller position.
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